Two effects that have been observed when metals and metal alloys are vibrated during solidification are a decrease in dendritic spacing, which directly affects density, and faster cooling rates and associated solidification times. Because these two effects happen simultaneously during solidification it is challenging to determine the one effect independently from the other. Most previous studies were on metals and metal alloys. In these studies, the one effect, i.e. the decrease in dendritic spacing, might influence the other, i.e. the faster cooling rates, and vice versa. The direct link between vibration and heat transfer has not yet been studied independently. The purpose of this study was to experimentally investigate the effect of vibration only on heat transfer and thus solidification rate. Experiments were conducted on paraffin wax, because it had a clearly defined macroscopic crystal structure consisting of mostly large straight-chain hydrocarbons. The advantage of the large straight-chain hydrocarbons was that the dendritic spacing was not affected by the cooling rate.
diameter with 1 mm wall thickness. The paraffin wax was initially in a liquid state at a uniform temperature of 60°C and then submerged into a thermal bath at a uniform constant temperature of 15°C, which was approximately 20°C below the mean solidification temperature of the wax. Experiments were conducted in approximately 300 samples, with and without vibration at frequencies varying from 10 -300 Hz.
The first set of experiments were conducted to determine the solidification times. In the second set of experiments, the mass of wax solidified was determined at discrete time steps, with and without vibration. The results showed that paraffin wax had vibration independent of solid density contrary to other materials, eg. metals and metal alloys. Enhancement of heat transfer resulted in quicker solidification times and possible control over the heat transfer rate. The increase in heat transfer leading to faster solidifcation times was observed to first occur, as frequency increased and then to decrease.
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INTRODUCTION
The solidification of metals, such as binary alloys, has a wide range of applications because it constitutes the fundamental process in the production of such solid alloys.
For a solidification process that occurs via planar solidification from a solid boundary, one may consider the presence of three distinct regions often identified as horizontal layers, i.e. a fluid binary mixture (the melt), the solid layer and a two-phase (fluidsolid) mushy layer, separating the other two.
The mushy layer is practically a porous medium consisting of an interconnected solid phase and having its voids filled with the melt binary fluid. Channelling in the mushy layer and the creating of freckles are considered the main reasons for nonhomogeneous solidification and the production of defects in the resulting solid product, as indicated by Peppin et al. [1] . The formation of defects adversely affects the mechanical properties of the solid product, leading to undesirable constraints on its industrial use.
It appears that ultrasonic vibration for metallurgical applications aiming at improving the cast metal quality dates back to 1878, as indicated by Jian et al. [2] . This suggests that the "injection of ultrasonic energy into molten alloys brings about nonlinear effects such as cavitation, acoustic streaming, emulsification, and radiation pressure, which are used to refine microstructures, reduce segregation, and improve secondary phase formation and distribution".
In general, there is a large volume of both theoretical as well as experimental work attempting to determine the effect of vibrations on the solidification process. An attempt to link experimental results and theory was presented, for example, by Li et al. [3] . Mathematical modelling of convection-induced oscillatory structure formation in peritectic alloys was presented by Mazumder et al. [4] . This solved the convection equations numerically and predicted a band structure for the solid composition oscillating between two distinct values. Controlling the microstructure that results from the casting process is considered one of the main contemporary challenges of the foundry industry. Promoting fine microstructures in the cast is desirable because of its resulting favourable mechanical properties of strength, and ductility, as well as low susceptibility to microporosity and crack formation.
Chirita et al. [5] indicate that mechanical, sonic and ultrasonic vibrations may
promote "grain refinement, increased density, degassing, low shrinkage porosities, and changing the shape, size and distribution of the second phase". They investigated the influence of vibrations on aluminium-silicon alloys. Their experimental results
show that mechanical properties were substantially affected by the level of applied frequency. Consequently, the tensile strength was improved for low vibration frequencies but decreased for high frequencies, as compared with gravity castings without vibration. Chirita et al. [5] mention that "a heat-transfer mechanism, that is acceleration dependent, seems to be responsible for the shift in mechanical properties' response to the vibration effect".
According to Jian et al. [2] , "ultrasonic treatment of aluminium alloys, in general, has been studied extensively and it has been shown that the introduction of high intensity ultrasonic vibration into the melt can eliminate columnar dendritic structure, refine the equiaxed grains, and under some conditions, produce globular non-dendritic grains".
Mechanisms for grain refinement under ultrasonic vibrations have been proposed, for example, by Eskin [6] and Abramov et al. [7] . "They are related to ultrasonically induced cavitations, which produce large instantaneous pressure and temperature fluctuations in the melt. These pressure and temperature fluctuations are likely to induce heterogeneous nucleation in the melt. They are also likely to promote dendrite fragmentation by enhancing solute diffusion through acoustic streaming." Jian et al.
[2], on the other hand, argue that there is no convincing evidence as to which mechanism, i.e. heterogeneous nucleation or dendrite fragmentation, is more
important for grain refinement under ultrasonic vibrations.
Thus, previous work [2, 3, 4, 5, 6, 7] show two effects -a decrease in dendritic spacing and an increase in cooling rate with vibration during solidification. However, very limited experimental work if any was done on the effects of vibration during solidification on the cooling rate independent of any other effects. One such work (although numerical) was by Vadasz et al. [8] which studied the porous region under forced vibrations and the results showed that vibration influenced the heat transfer.
Furthermore, because the numerical model was void of any metallurgical effects, such as dendritic spacing, it only considered the effects on heat transfer, or cooling rate, independently of any other effects. However, no experimental work has been done to verify this. Therefore, the purpose of this study is to experimentally study the vibration effects on heat transfer during solidification.
EXPERIMENTAL METHODS AND PROCEDURE
Paraffin wax, commercially referred to as RT35, was used as a medium on which to conduct experiments because it had a clearly defined macroscopic crystal structure consisting of mostly large straight-chain hydrocarbons. The advantage of the large straight-chain hydrocarbons was that the dendritic spacing was not affected by the cooling rate. The properties of the paraffin wax used were: a melting temperature of 29°C to 36°C; a solidification temperature of 36°C to 31°C (typically 35°C); with a density of 860 kg/m 3 at 15°C; and with a flashpoint of 167°C.
Experiments were conducted with spherical geometries because a comparison (although limited) could be made to work presented by Assis et al. [9] , which studied the numerical and experimental solidification of paraffin wax, however, without vibration. One of the diameters studied was the same as in this study and therefore used for verification purposes. The spherical samples were generated from pouring liquid paraffin wax into a plastic container with an inner diameter of 40 mm and a wall thickness of 1 mm. The geometries of the plastic container were measured with a vernier caliper. Figure 1 shows the experimental set-up that was developed on which paraffin wax solidification experiments can be conducted, with and without vibration. The set-up consisted of a frame, a thermal bath with deionized water in the tank, a digital scale for weight measurements, a hot plate for melting of the paraffin wax, a data logger thermometer with K-type thermocouple for temperature measurements of the ambient air and molten paraffin wax, and an infrared thermometer to measure the temperature of the solidified paraffin wax.
Liquid paraffin wax, heated to 60°C, was injected into the plastic spherical container.
It was weighed to determine the mass and was suspended into the water in the thermal bath. The time from injection until it was placed into the water was less than 30 seconds. As the ambient temperature was constant at 19°C ± 2°C, the 30 seconds was negligible in comparison with the solidification time that was measured. Two different sets of experiments were conducted. In both sets, after the samples were cut into two halves they were photographed.
The first set of experiments had the paraffin wax completely solidify. The solidification time for samples, without vibration and with vibration at each frequency, was determined by iteration. The samples were cut into two pieces and the temperature of the paraffin wax was measured. When the temperature was measured at 15°C ± 0.1°C, the solidification time was recorded. The mass of the solidified paraffin wax was measured. The average density was also determined after the paraffin wax completely solidified.
The second set of experiments removed the samples at three time steps before the paraffin wax completely solidified. At each time step the sample was cut into two halves and the remaining liquid paraffin wax was poured out. The remaining paraffin wax was weighed and measurements of wall thickness and void size were recorded.
DATA REDUCTION
For the evaluation of the vibration effects on the solidification and thus heat transfer rate of the paraffin wax, three variables were needed. The first was the average density of the paraffin wax, the second was the Grashof number ratio R v , and the third was the solidification time improvement t Δ .
After the liquid paraffin wax inside the plastic container was submerged in the thermal bath for a long enough period, the completely solidified paraffin wax samples were removed from the thermal bath. The average density of the paraffin wax completely solidified was then determined as:
The mass of the completely solidified paraffin wax, m paraffin_wax , and water, m water , which was poured into sample spheres to fill the void, were determined using the digital scale. The density of water, ρ water , is known as 999.2 kg/m 3 [10] at a temperature of 15°C.
The other variable that needs to be determined is the ratio between the vibration Grashof number (
with vibration presented by Bardan and
Mojtabi [11] , and the Grashof number, ( Gr = gβ T ΔTh 3 / ν 2 ), without vibration at the paraffin wax.
The enhancement ratio, The solidification time improvement was determined as
where t s was the measured time to solidification without vibration, and t sv the time to solidifcation with vibration.
RESULTS AND DISCUSSION
The results from experiements on approximately 300 samples are presented in four parts. The first part is to determine the density of the solidified paraffin wax. The second part is to determine the solidification times. The third part is to determine the effects the vibrations had on the solidification time. The fourth part is to compare the results presented in the current study with the numerical results presented by Vadasz et al. [8] .
Densities
The average densities of the samples versus frequency are shown in Table 1 Table 1 was calculated to be 859.93 kg/m 3 , and the highest deviation was 1.2% from this average. Therefore, for the purpose of this study it was deduced that the density of the solidified paraffin wax was a constant. This value compares well with the 860 kg/m 3 provided by the supplier of the paraffin wax.
Solidification times
The solidification time of samples without vibration is shown in Table 2 and with vibration in Table 3 . From Table 2 , it can be concluded that the paraffin wax solidified mass increased at each of the four time steps for all five samples without vibration, and Table 3 , with vibration frequency of 100 Hz. Table 2 shows that all the samples of paraffin wax completely solidified at 30 minutes, and 25 minutes in Table 3 . The experiments presented by Table 2 show the solidified paraffin wax was at 15ºC at it's centre where the time of 30 minutes was recorded, and similarly, 25 minutes was recorded in Table 3 . An iterative process of experiments led to these results. The 100 Hz frequency, shown in Table 3 , was found to be the optimum frequency where the vibration had most affected the solidification time. This optimum frequency was used for all other experiments in the study. The solidification time result of 30 minutes without vibration shown in Table 2 compares well with the numerical and experimental results presented by Assis et al. [9] , where the solidification time shown for 40 mm paraffin wax samples without vibration was approximately 36 minutes. The difference of 6 minutes may be due to the paraffin wax that was used by Assis et al. [9] , having had a lower solidfication temperature than the one used in this study by a difference of about 7°C.
Effect of vibration on solidification times
Each one of the five sets of samples, from Table 2 and Table 3 , is shown in Figure 2 .
The mass of the samples without vibration (Table 2 ) and the samples with vibration (Table 3 ) each varied by less than 1%. Furthermore, the results show that the mass solidified with vibration was always higher then the mass solidified without vibration.
The averaged results (in the last columns) from Table 2 and Table 3 are presented in Table 4 .
It is shown that at 5 minutes, more solidified paraffin wax was formed under vibration comparing the 18.22 g with the 15.58 g under no vibration. This result shows a 2.64 g of extra paraffin wax that solidified with a vibration frequency of 100 Hz at 5 minutes, which is 17% higher than that without vibration. Table 4 is presented on a graph in Figure 3 , which also shows how the line for solidification under vibration frequency of 100 Hz is always above that of the line representing no vibration for each time step above 0 minutes and below 25 minutes.
In Figure 3 , the enhancement line shows the difference between the mass formed with and without vibration, presented in the last column of Table 4 . The results from Table   4 show there was more heat transfer with vibration, and an overall 17% improvement in solidification time calculated using Equation 3 and the final solidification times.
In Table 4 it is also shown how the enhancement decreased per time step, which is also clear from Figure Table 4 , is due to the initial amounts of liquid paraffin wax that were not exactly the same.
As the enhancement decays show in Table 4 and Figure 3 , it never reaches zero. This means there is always more solidified paraffin wax formed under vibration than without. The significance of the decay may be attributed to the amount of liquid and solid in the sample. There are two suggested reasons for the decay. The first reason is because more solid was formed, the wall temperature had to be higher or equal than the thermal bath because it has only reached solid state, and also the liquid surface boundary was reduced, further decreasing heat transfer to the surroundings. The second considers the three layers during solidification, the solid, the liquid and the mushy layer. During solidification the solid layer increases, and thus the other two layers, the liquid and mushy layer, decrease. Since the effects of vibration happen in the liquid and mushy layer, it would make sense that as these layers get smaller the decay would also be affected. The final solidification time shown in Figure 7 shows the samples after 30 minutes without vibration and 25 minutes with vibration frequency of 100 Hz. It can be observed that although the void was still present in Figure 7 when there was vibration, it is very similar to the void formed without vibration. This is confirmed by the density calculations done in Table 1 . This means that the voids were geometrically of the same size.
The samples in Figures 4 -7 are one set of five done. The other four sets of experiments were done to check for repeatability. These results are shown in Table 2 and Table 3 for five samples each.
The numerical results presented by Vadasz et al. [8] considered the vibration effects in a porous medium and were therefore used for comparison purposes. In Figure 8 (a), a chaotic orbit is observed at a scaled Rayleigh number when there is one or more positive Lyapunov exponents, a quasi-periodic orbit is observed when there is one negative Lyapunov exponent and two equal to zero, a periodic orbit is observed when there are two negative Lyapunov exponents and one equal to zero, and a fixed point is observed when all Lyapunov exponents are negative. Figure 8 (a) shows chaotic "bursts" at specific values of the scaled Raleigh number. This behaviour is quite distinct from the case without forced vibrations, when the chaotic solution occupies a wide range of scaled Rayleigh number values, interrupted only by periodic "bursts" in Vadasz et al. [8] . This result shows that the vibrations affect the heat transfer in a porous medium, yet what that effect is, is still to be determined. In the current study, it was shown experimentally that the rate of solidification is increased when vibrations were introduced during the solidification process. Since the effects of vibration would only affect the porous section and/or liquid we can assume that the results presented by Vadasz et al. [8] in the porous medium might be linked to the results seen in the current study of solidification. It is also clear that vibrations do have an effect on the porous medium section as presented by Vadasz et al. [8] for
Prandtl number in the range representing paraffin wax. Therefore, as a qualitative comparison, the results in the current study showing vibration having an effect on solidification may be due to the effects in the porous medium as seen in Vadasz et al. [8] .
CONCLUSIONS
The direct link between vibration and heat transfer has not yet been studied independently. The purpose of this study was to experimentally investigate the effect of vibration only on heat transfer and thus solidification rate. Experiments were conducted on paraffin wax, because it had a clearly defined macroscopic crystal structure consisting of mostly large straight-chain hydrocarbons. The advantage of the large straight-chain hydrocarbons was that the dendritic spacing was not affected by the cooling rate. Further investigation will need to be conducted to understand better the effects seen in this paper and to look at the possible oscillatory decay or growth. More resolution in terms of the results, especially during the early parts of solidification, may give a better picture of how vibrations affect the cooling rate or solidification time. Tables 2 and 3 . 
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